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 implicated in attributing mental states to others (Frith and Frith, 
1999, 2006). More specifically, the brain regions adults employ in 
processing these communicative signals are localized in the right 
medial prefrontal cortex and the left temporal pole (Kampe et al., 
2003). These findings suggest that, in adults, the communicative 
intention of another person directed toward oneself is detected by 
the same brain region, regardless of modality. This process occurs 
without deliberate attention (participants were asked to detect faces 
with eyes closed rather than direct gaze or to detect last names 
rather than their own name) and it also does not depend on sub-
sequent interaction between participants. More support for the 
view that mentalizing is critical for understanding ostensive com-
munication cues comes from individuals with autism who have 
been shown to be impaired in their mentalizing skills and also have 
severe difficulties in recognizing when they are being addressed 
(Baron-Cohen, 2000). Indeed, lack of orienting to name and eye 
contact is perhaps one of the earliest signs of autism identifiable 
in childhood (Osterling et al., 2002).
Taken together, this poses the important ontogenetic question 
of whether and when typically developing infants are sensitive to 
eye contact and own name as ostensive signals of communica-
tive intent and more specifically, whether infants would engage 
brain regions (and thus cognitive processes) similar to adults when 
they respond to ostensive signals across modalities. Findings as to 
whether young infants already engage in adult-like brain processes 
IntroductIon
The ability to detect whether one is being addressed is of critical 
importance to successfully communicate with others. Before decod-
ing the message that is conveyed by another person, one must pick 
up on signals that indicate that the message is in fact directed at 
the self (i.e., self-referential). The most common way to initiate 
intentional communication is by using so-called ostensive signals 
such as calling someone’s name and looking directly at someone to 
establish eye contact. Although these two ostensive signals differ in 
modality and most low-level perceptual features, they both serve 
to make the intention to communicate manifest to the receiver 
(Sperber and Wilson, 1995; Csibra, 2010).
Adults are highly sensitive to eye contact and name cues, which 
powerfully grab their attention even when they are engaged in cog-
nitively demanding tasks (Moray, 1959; von Grünau and Anston, 
1995). Critically, it has been argued that mentalizing, the ability to 
attribute mental states such as intentions to others (Frith and Frith, 
1999, 2006), is involved in understanding communication already 
at the stage at which a sender initiates communication through eye 
contact or calling someone’s name. Accordingly, Kampe et al. (2003) 
predicted that brain regions implicated in mentalizing would be 
engaged when detecting communicative signals as referring to the 
self. Indeed, using functional resonance imaging (fMRI), Kampe 
et al. (2003) have shown that, in adults, calling a person’s name 
or making eye contact activate common brain regions that are 
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associated with mentalizing when they interpret communicative 
signals can inform theories of early social-cognitive development 
and may add to recent work that has shown that infants understand 
certain kinds of intentions and other mental states surprisingly 
early in development (Woodward, 2009; Baillargeon et al., 2010). 
The current study will deal with these questions. From previous 
work it is known that infants are sensitive to eye contact from 
birth (Farroni et al., 2002, 2005), suggesting that eye contact is a 
potentially hard-wired and pre-specified cue detected without or 
at least with only very little prior experience. First names on the 
other hand are arbitrary auditory signals chosen by the parents that 
must be learned by the infant. Sensitivity to own name emerges 
around 4.5 months of age when infants have been shown to first 
orient to their name (Mandel et al., 1995).
In the current study, we measured prefrontal cortex responses 
in 5-month-old infants using near-infrared spectroscopy (NIRS) 
permitting spatial localization of brain activation by measuring 
hemodynamic responses to examine the neural basis and devel-
opmental origins of detecting ostensive communicative signals 
across modalities (see Lloyd-Fox et al., 2010, for a detailed review 
of NIRS and its use with infants). Other neuroimaging techniques 
that are well established in adults are limited in their use with 
infants because of methodological concerns. For example, positron 
emission tomography (PET) exposes participants to radioisotopes, 
and fMRI requires the participant to remain very still and exposes 
them to a noisy environment. Although both PET and fMRI have 
been used with infants, this work is restricted to the study of sleep-
ing, sedated or very young infants. NIRS is better suited for infant 
research because it can accommodate a good degree of movement 
from the infants, enabling them to sit upright on their parent’s lap 
and behave relatively freely while watching or listening to certain 
stimuli. In addition, unlike PET and fMRI, NIRS systems are port-
able. Finally, despite its inferior spatial resolution, NIRS, like fMRI, 
measures localized patterns of hemodynamic responses, thus allow-
ing for a comparison of infant NIRS data with adult fMRI data (see 
Strangman et al., 2002, for evidence of a strong correlation between 
hemodynamic responses measured with fMRI and NIRS).
We studied 5-month-old infants because, as mentioned above, 
at this age they have been shown to be sensitive to eye contact as 
well as name cues. Moreover, we focused on prefrontal cortical 
responses since this is one of the parts of the brain that showed 
common activation to eye contact and name cues in adults (Kampe, 
et al., 2003), and previous infant NIRS studies have successfully 
obtained specialized prefrontal cortex responses in social tasks 
(Grossmann, et al., 2008; Grossmann and Johnson, 2010). Infants 
watched human faces that either signaled eye contact or directed 
their gaze away from the infant, and they also listened to voices 
that addressed them with their own name or with the name of 
another infant.
MaterIals and Methods
PartIcIPants
Twenty 5-month-old infants were included in the final sample (11 
girls, range 139–166 days, M = 151.8 days). Nine additional infants 
were tested but not included in the final sample because of fussiness 
(N = 4), too many motion artifacts (N = 3), technical problems 
or experimenter errors (N = 2). All infants contributed a total of 
four trials for each experimental condition. The required minimum 
number of artifact-free trials per condition was 2 (see section Data 
Acquisition and Analysis for artifact treatment). Please note that an 
attrition rate at this level is within the normal range for an infant 
NIRS study (Lloyd-Fox et al., 2010). All infants were born full-term 
(37–42 weeks gestation) and with normal birthweight (>2500 g). 
All parents gave informed consent before the study.
stIMulI and Procedure
Visual and auditory stimuli were presented. Visual stimuli were 
static pictures of a smiling face depicting mutual or averted gaze 
(left or right). The faces subtended a visual angle of 22° × 17° at 
a viewing distance of 60 cm. Auditory stimuli were audio files 
(SPL = 70 dB). Each infant heard her own name and a stranger’s 
name, matched for syllable number and always differing from 
the infant’s name in its first phoneme. All names were spoken in 
infant-directed speech by a female voice. Infants sat on their parent’s 
lap while watching the stimuli on a computer monitor within an 
acoustically shielded, dimly lit room. The experiment consisted of 
two sessions balanced across participants: a visual and an auditory 
session. Each session consisted of eight trials, four per condition. 
Each trial consisted of three presentations of the stimulus, each 
presentation lasting for 1000 ms for the pictures and an average of 
790 ms for the names (ranging from 394 to 1228 ms). Own name 
and control name did not differ in their duration. A star appeared 
on the center of the screen for 300 ms before and after each stimulus. 
The screen was black when names were presented. The two experi-
mental conditions within each session were randomly distributed, 
with no more than two trials of the same condition occurring in 
a row. The inter-trial interval varied randomly between 10 and 
12 s. Non-social moving visual stimuli were presented during the 
inter-trial interval to keep infants’ attention.
data acquIsItIon and analysIs
The NIRS method relies on the optical determination of changes 
in hemoglobin concentrations in cerebral cortex which result from 
increased regional cerebral blood flow. Prefrontal cortex activations 
were measured using a Hitachi ETG-4000 NIRS system. Two wave-
lengths were set at 695 and 830 nm for all recording channels. Two 
custom-built arrays consisting of nine optodes (five sources, four 
detectors) in a 12-channel (source–detector pairs) arrangement 
with an inter-optode separation of 25 mm were placed over the 
frontal lobe on each hemisphere using an Easycap (www.easycap.
de). NIRS data were continuously sampled at 10 Hz. Our cur-
rent measurement technique did not provide us with information 
about the depth of the activation (see Blasi et al., 2007, for NIRS 
methodology that allows for the measurement of depth-dependent 
hemodynamic responses in infants). After calculation of the oxyHb 
concentration changes, pulse-related signal changes and overall 
trends were eliminated by low-pass filtering (Butterworth, fifth 
order, lower cutoff 0.5 Hz). Movement artifacts were corrected by 
an established procedure (see Grossmann et al., 2010), which allows 
marking of artifacts and then padding the contaminated data seg-
ments by linear interpolation. After visual inspection of the time 
course of the concentration changes a time window around the peak 
of the hemodynamic response (between 5 and 7 s after stimulus 
onset) was chosen for statistical analysis. Cortical responses were 
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indicating that infants who showed a sensitive prefrontal cortex 
response to eye contact were more likely to also show a sensitive 
prefrontal cortex response to their own name (see Figure 2). There 
were no significant correlations between channels 6 and 9 when 
calculating the overall association of the responses for the four 
individual conditions (mutual gaze, averted gaze, own name, and 
other name), suggesting that the correlation reported above was 
specific to the contrasts calculated (mutual gaze–averted gaze and 
own name–control name) and not due to a general association of 
hemodynamic responses between channels. This also renders it 
unlikely that the NIRS signals measured from channels 6 and 9 were 
sampled from a common vascular supply. Our analysis revealed 
no significant effects of the factors gender and presentation order 
(auditory first versus visual first) for channels 6 and 9. There were 
no significant correlations between any of the other channels.
An additional analysis performed after close inspection of the 
time courses at these channels showed that there was an earlier effect 
(1–3 s after stimulus onset) of eye contact at channel 6 (increased 
oxyHb concentration when eye contact was compared to averted 
gaze, t [19] = 2.176, p = 0.042 (Wilcoxon’s z = 2.613, p = 0.009; 14 
out of 20 infants showed the effect), whereas no such early effect of 
name was observed during auditory stimulation (see Figure 1).
dIscussIon
We examined whether 5-month-old infants are sensitive to eye 
contact and their own name as ostensive signals of communica-
tive intent regardless of modality by measuring prefrontal cortex 
responses using NIRS. The results revealed two adjacent regions 
assessed by comparing average concentration changes (oxyHb) 
within trials for this time window between the two experimental 
conditions. Paired t-test were used in order to compare between 
conditions within each modality: eye contact versus averted gaze in 
the visual modality and infant’s own name versus stranger’s name 
in the auditory modality. Please note that similar to previous NIRS 
studies (see Lloyd-Fox et al., 2010) p-values were not corrected for 
multiple comparisons.
results
Our analysis of 5-month-old infants’ prefrontal brain responses 
revealed two adjacent regions in the left hemisphere sensitive to 
the communicative signals conveyed to the infant (see Figure 1). 
Specifically, a left dorsal prefrontal region showed sensitivity to infants’ 
own name as indexed by a significantly increased oxyHb concentra-
tion (average of concentration change between 5 and 7 s after stimulus 
onset) when own name was compared to the control name (channel 
9: t [19] = 3.060, p = 0.006), while an adjacent left dorsal prefrontal 
region responded sensitively to eye contact cues as indexed by a signifi-
cantly increased oxyHb concentration when eye contact is compared 
to averted gaze (channel 6: t [19] = 2.291, p = 0.034). These results were 
confirmed by non-parametric tests (Wilcoxon’s z = 2.053, p = 0.040 
for the visual modality [channel 6, 13 out of 20 infants showed the 
effect] and Wilcoxon’s z = 2.539, p = 0.011, for the auditory modality 
[channel 9, 14 out of 20 infants showed the effect]).
Furthermore, the prefrontal cortex responses to eye contact 
(mutual gaze–averted gaze) and name (own name–control name) 
were significantly positively correlated (r = 0.446, p = 0.049), 
Figure 1 | Five-month-old infants’ prefrontal cortex responses to eye 
contact (channel 6) and own name (channel 9). Time courses (with 0 
indicating the stimulus onset) of the hemodynamic response for these two 
channels are shown in the top row. The gray windows in the time courses 
represent the time windows during which significant differences between 
conditions were observed. The bottom row shows bar charts with the average 
oxyHb change (±SE) observed during the time windows marked in the 
top row.
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does not undermine infants’ sensitivity to eye contact and own name 
but it may point to a developmental difference between infants and 
adults in the interpretation of these communicative signals.
However, it should be noted that this is only one potential 
account for the observed developmental difference. Future work 
should more directly address the question of what kind of psycho-
logical process can best account for young infants’ left prefrontal 
response patterns during these kinds of communicative scenarios. 
For example, according to the motivational account put forward 
above it would be predicted that by using faces and voices expressing 
anger toward the infant one should observe a different pattern of 
lateralization in their prefrontal cortex responses since prior work 
suggests that perceiving aversive emotions results in right prefrontal 
activation associated with a motivation to withdraw (Davidson and 
Fox, 1982; Fox, 1991; Harmon-Jones, 2003).
Another issue that deserves attention when discussing the cur-
rent findings is the selection of stimuli used. Specifically, in order 
to make it comparable to prior adult work (Kampe et al., 2003) we 
used static faces in the visual part of the study. From previous infant 
work it is known that using dynamic rather than static represen-
tation of faces has been shown to increase infants’ attention and 
cortical responses (Grossmann et al. 2008; Grossmann and Farroni, 
2009). Although we obtained significant effects in both the face and 
name context, the effect (as indicated by the t-values) appeared to be 
somewhat weaker in the face than in the name context. Therefore, 
presenting infants with a dynamic face that shifts gaze and engages 
them in eye contact rather than a static face in future studies may 
be a clearer and more ecologically valid indicator of the intention 
to communicate with the infant.
Our NIRS results further revealed that, while eye contact cues and 
name cues resulted in non-overlapping prefrontal cortex responses 
between 5 and 7 s after stimulus onset, only eye contact evoked an early 
increase in the hemodynamic response between 1 and 3 s after stimu-
lus onset. This finding suggests that infants recruit particularly fast 
prefrontal brain processes for the detection of eye contact. This rapid 
prefrontal response may be related to the fact that eye contact is an 
especially powerful social cue that infants are sensitive to from birth, 
and it supports the hypothesis of specialized brain mechanisms that 
guarantee a fast detection of eye contact (Senju and Johnson, 2009). In 
particular, a fast subcortical pathway involving the superior colliculus 
and the pulvinar has been hypothesized to convey information to the 
cerebral cortex including prefrontal areas (Johnson, 2005). Processes 
of eye contact detection stand in contrast to the detection of the own 
name, which is an arbitrary signal to the self that has to be learned by 
the infant. Our data show that infants as young as 5 months of age 
are sensitive to this acquired ostensive signal and selectively recruit a 
specific region of the left prefrontal cortex. Thus, the prefrontal cortex 
also plays a role in integrating learned information into the infants’ 
communication comprehension repertoire.
In summary, the current data have provided new insights into 
young infants’ processing and understanding of communicative sig-
nals directed at them. The sensitivity to eye contact and own name 
demonstrated in selective prefrontal cortex responses may serve as a 
pivotal building block that helps infants to enter the world of human 
communication. We have identified developmental precursors of 
the brain processes that are involved in initiating communication. 
However, the exact nature of the representation reflected in infants’ 
in the left prefrontal cortex that are either sensitive to the com-
municative signals conveyed to the infant through face or voice. 
Specifically, a left dorsal prefrontal region showed sensitivity to 
infants’ own name, while an adjacent left dorsal prefrontal region 
responded sensitively to eye contact cues. Thus, these NIRS results 
suggest that 5-month-old infants selectively process and attend to 
communicative signals directed at them as reflected in their specific 
prefrontal cortex responses within each modality.
Interestingly, unlike adults, 5-month-old infants do not seem 
to recruit a common right prefrontal region when processing 
communicative signals across modalities. However, infants 
showed a correlation in the activation of the two prefrontal 
regions involved. Infants who responded sensitively to eye con-
tact in one of the left prefrontal regions were more likely to 
respond sensitively to their own name in the adjacent region as 
revealed in a correlation analysis, suggesting that responding to 
ostensive communicative signals in these two regions might be 
functionally correlated. This is perhaps an important develop-
mental precursor for a later integration into a more abstract and 
modality-independent representation of communicative signals 
directed at the self.
It is important to further discuss the question of how these find-
ings using NIRS with infants relate to the findings using fMRI with 
adults in order to understand the development of processing com-
municative signals. While infants in the current study showed sensi-
tive responding to eye contact and own name in the left prefrontal 
cortex, the effect in adults for the same contrast revealed activation 
in the right prefrontal cortex (Kampe, et al., 2003). The difference 
in the lateralization of the activation patterns between infants and 
adults suggests different underlying processes that might be due to 
development, differences in the stimulus material used, or both. In 
contrast to the adult work, we used smiling faces and infant-directed 
voices that are both characterized by positive affect. The presentation 
of positive affect in face and voice directed at the infant may have 
induced the motivation to approach, which, according to prior infant 
and adult work, is reflected in left prefrontal activation (Davidson and 
Fox, 1982; Fox, 1991; Harmon-Jones, 2003). This raises the possibil-
ity that infants responded to the positive affective signals directed at 
them with the motivation to approach rather than with mentalizing 
like adults do in response to communicative signals. This account 
Figure 2 | Correlation between prefrontal cortex responses to eye 
contact (channel 6: difference in oxyHb [mutual–averted gaze] in 
mM mm) and own name (channel 9: difference in oxyHb [own–other 
name] in mM mm).
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selective prefrontal cortex responses remains unclear. In particular, 
the present data leave open whether infants already engage adult-like 
mentalizing processes. This question has been of great interest to devel-
opmental and cognitive psychologists in recent years (see Woodward, 
2009; Baillargeon et al., 2010) and certainly needs further examination 
in future studies. The  current study has shown that a neuroscience 
perspective can  provide  additional insights into preverbal infants’ 
developing social-cognitive and communicative abilities.
